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TECHNICATL. NOTE 3156

CHARTS FOR ESTIMATING TAITL.-ROTOR CONTRIBUTION
TO HELICOPTER DIRECTIONATL STABILITY AND
CONTROL IN LOW-SPEED FLIGHT

By Kenmeth B. Amer and Alfred Gessow
SUMMARY

Theoretically derived charts and equatlons are presented by which
tall-rotor design studies of directional trim and control response at
low forward speed can be conveniently made. The charts can also be used
to obtain the main-rotor stability derivatives of thrust with respect to
collective pitch and angle of attack at low forward speeds.

The use of the charts and equations for taill-rotor design studies
i1s illustrated. Comparisons between theoretical and experimental results
are presented.

The charts indicate, and flight tests confirm, that the region of
vortex roughness which 1s familiar for the main rotor is also encountered
by the tall rotor, end that prolonged operation at the corresponding
flight conditions would be difficult.

INTRODUCTION

The tall rotor of a conventionelly powered single-rotor helicopter
has two purposes - to counteract the rotor torque and fuselage yawing
moments and to meneuver the hellcopter directionally. Preliminary
flying quality studies have indicated a minimum desirsble response of
30 yaw in the first second followlng a l-inch step displacement of the
pedals while hovering in zero wind. In addition to indicating a mini-
mum desirsble response value, these studies have also indicated the
existence of a maximum desirsble response value. When large pedal fric-
tion and out-of-trim forces are present, the maximum desireble response
value is indicated to be approximstely 10° of yaw in the first second
followlng a l-inch step displacement of the pedals while hovering in
zero wind. When pedal friction and out-of-trim forces are relatively
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small, a meximum desirsble value of 2 to l -times as large as the 10° value
is Indicated.

Some of-these flying-quality indications are incorporated in the
flying-quality requirements of reference 1. 1In addjtion, reference 1
calls for the ability of average-sized helicopters to make a complete
turn over a spot while hovering in a 50-knot wind and, while trimmed
at the most critical yaw angle, to be able to achleve at least 5 of
yaw in the first second following full defléction of the pedals in the
critical direction.” Other flying-quality and stabllity studiles have
indicated that careful design is frequently required to satisfy these
criteria without unnecessary sacrifice in weight, rotor clearances, or
other factors. Tall rotors for Jet-powered helicopters, for example, are
of minimum size inasmuch as thelr primary purpose ig to provide gontrol,
and unless specifically designed to do so, might not fulfill all of these
criteris.

As an aid in designing helicopters to meet the directional require-
ments of reference 1, it would, of course, be desirable to have published
information available whereby problems of directional trim and control
can be conveniently studled for helicopters of various types and con-
figurations. The single~rotor helicopter wag chosen for study in this
peper because of its wide usage and because the necessary background
theory 1s reedily availsble. The results of the study are presented
in the form of charts and related equations, end a comparison is made
between theoretical and experimental results. In the course of this
comparison, a region of possible directlonal-control difficulty is
indicated.

The charts presented herein can slso be used td obtain the-main-
rotor stablility derivatives relating the change in thrust-coefficient—

Cm /o XCm/o
solidity ratio with pitch angle —a-gé- and with angle of attack az/

at low forward speeds (at tip-speed ratios less than 0.10). The signifi-
cance of' these derivatlves is discussed in reference 2, which also pre-
sents charts for obtaining them for tip-speed ratios equal to or greater
than 0.15.

SYMBOLS
a slope of curve of section 1lift coefficient sgainst section
angle of attack in radisns (assumed hereln to be 5.73)
b mimber of blades per rotor - -
B tip-loss factor (assumed herein to be 0.97); blade elements

outboard of radius BR are assumed to have profile drag
but no 1iift-
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1]

H W

blade section chord, ft

1.0
JF cx2dx
o}

equivalent blade chord (on thrust basis), ———e—n ft

ng.o Pay

T

thrust coefficlent, 3
7Rp(QR)

rotor-shaft torque coefficient, > 5
7R=p(QR)“R

mass moment of inertia, referenced to Z-axis (vertical axis
through center of gravity), slug-fi2

horizontel distance from tail-rotor hub to main-rotor hub, ft

yawlng moment, lb-ft

rotor-shaft torque, lb-ft

rate of yaw with respect to earth axes, %%, radians/sec

blade radius
Laplace transform parameter

rotor-shaft power, hp

. rotor thrust, 1b

time, sec

induced inflow velocity at rotor (always positive), ft/sec
true girspeed of helicopter along flight path, ft/sec

retio of blede-element radius to rotor-blade radius

rotor angle of attack, redians; angle between flight path and

plene perpendicular to axis of no feathering (positive when
axis is inclined rearward)
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2 blade-element angle of attack at radial position %BR
ZBR ' ' -
> (measured from line of zero 1ift), deg

B sldeslip angle, radians; angle between plene of symmetry and
flight path, positive for sideslip to right (for tail-rotor
thrugt to right; B4y= -ay)

5y "rudder" pedal deflection, positive for right pedal forward,
in.

1 angle of yaw with respect to earth axes, radians

e blede-gection pltch angle, radians (unless otherwise stated);

angle between line of zero 1lift of blade sectlion and plane
perpendicular to axis of no feathering

0o blade pitch angle at hub, radians

81 difference between hub and tip pitch angles, radians; positive
when tip angle is larger B ' = B

A inflow ratio, (V sin a - v)/AR

H tip-speed ratio, V cos o/0R

o mess density of air, slugs/cu £t

o . rotor solidity, beeg/nR

Q rotor angular velocity with respect to helicopter, radians/sec;
positive in counterclockwise direction as viewed from above

Subscripts:

hov hovering

1 induced S . —

m main rotor

BR at radial position BR

t tall rotor; this subscript—is used only where there might be

some confuslon as to which rotor is referred to
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ANATYSTIS

Problems of directional trim and control response of the single-
rotor helicopter involve a knowledge of the relation between tail-rotor
collective pitch and various operating and design varisbles as well as
an understanding of the dynamic response of the helicopter to control
deflection. Both types of information are discussed in this section.

Static Rotor Characteristics

Tail-rotor collective-pitch relations can be most conveniently
studied by means of charts that are presented herein. The theory on
which the charts are based is developed in appendix A, and the epplica-
tion of the charts is 1llustrated in the section entitled "Illustrative
Calculations."

In appendix A equations for the collective pitch of a tail rotor
at low forward speeds are derived in terms of its forward speed, tip
speed, sideslip angle, thrust coefficient, solldity, and the yawing
velocity of the helicopter. The derivations are based on the rotor
theory of references 3 snd 4. The assumptions involved are discussed
in eppendix A. Coamparison of the equations with more accurate but less
general calculstions presented in references 5 and 6 is made in appen-
dix A and shows good agreement. The charts based on the equations of
appendix A are considered gpplicable to tip-speed ratios equal to or
less than 0.10.

An expression is also derived in asppendix A for determining typlecal
blade-section angles of attack in the hovering or vertical-flight condi-
tion. This expression provides a basis for determining the 1limits of
velidlty of the equations for tall-rotor collective pltch caused by tall-
rotor stall. Another condition of opersastion wherein the theory becomes
invalild is the vortex region. This reglon of operation is treated by
means of a semiempirical theory and is also discussed in appendix A.

In figure 1, et3 Gmil-rotor collective piltch angle at QB% is
=BR

N
T
shown as a function of the axial advance ratilo Glfﬁgﬁfg for constant
t

c
velues of <T)t for [—F——) = 0.03, 0.06, 0.09, and 0.12. In

Jl + (l-l/7\)2 t

the construction of figure 1, equations (A5) and (A6) were used for the
region where the momentum theory was epplicable. For the vortex region,
figure 2 and equation (Al) were used as discussed in appendix A. The
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vortex region, the limits of which are given by equations (Al2) and (Al3),
is shown dashed in figures 1 and 2.

Equation (A9) indicates that a line of constant CT/b corresponds
to a constant value of agBR' Thus, the llnes for the larger values of —

ZBR

(%T-) are also labeled in figures 1 and 2 with the values of ap  in
£
3

order to ellow thelr use for studlies of blade stall.

Of the three quantities of which 64 is a function in figure 1,
28R
i
only the parameter_(-—-—-la———-) is not known at the start. Determina-
Jl + (P-/-)\)2 £

tion of this quantity is facilitated by plotting it—in figure 3 agalnst
the tail-rotor sideslip angle Bi for constant values of the tail-rotor

forwagrd-speed parameter -XZQB—— . The regions where the momentum

\or/ 252 . |
theory is appliceble were obtained by iterative solution of equations (Al5)
end (Al6). For the vortex reglon, which 1s shown dashed, equation (A1T7)
and figure 2 were used asgs discussed in gppendix A. The limits ofthe

vortex region in figure 3 are given by equations (A18) and (Al9) which
are plotted in figure 4.

Response to Pedal Deflection

A complete tall-rotor study involves, 1in additlon to charts of statlc
rotor characteristics, an analysis that predicts the response of a heli-
copter to pedal deflection. Such an analysis, which derives the equation
for the yaw of the helicopter following a step displacement of the pedals,
is presented.in appendix B. Assoclated main- and tall-rotor gtability
derivatives are also derived in appendix B. To simplify the analysis, two
extreme cases are considered., In the first case, the rotor speed is
assumed to remein constant during the yawing maneuver, whereas in the
second casge the rotor speed is assumed to vary enough that comnstant speed
with respect to earth axes is msintained; that is, AQ = r,

ILLUSTRATIVE CALCULATIONS

The use of the charts of figures 1 gnd 3 for_ﬁai%rrotor design
gtudies, as well as the pedal-response—anslysls, is illustrated by the
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following sample calculaetions. The examples were chosen to be 1llus-

trative of the type required to lnvestigate the gbility of a helicopter
- to meet current flying-quality requirements. During the calculation of

response to pedal deflection, the procedure for obtaining the rotor

3Cr/o and Cp/o

derivatives is illustrated.

The following characteristlcs are assumed:

Main rotor:
Q, redians/sec . « ¢ ¢ v 4t e e e e w e e e e e e e
PhoV, hp . . . . . . . . . . . . . . . . . . . . . . .
PihOV = O’8PhOV
Vhoys E£b/8€C . o oo oo o oo e e e e
Direction of rotation (counterclockwise as viewed from
I, slug—ft2 s s s e e s 4 e e e e s s e s e e e e e

Tall rotor:

O o o o s s s s o s s o o 5 s o 2 s = o o s o o s o

TR, FE2 L L s e e e e e e e e e e e e e e e
lg, £F T
QR, Ft/8€C & « v & v v b e e e e e e e e e e e e e
Pitch range, deg « « « + ¢ o ¢« ¢« ¢ ¢ o & o o o 2 « o
01, de8 « ¢ v 4 e e e s e e e s e e e e s e e e s e
. Erane(QR)aﬂt....................

Pedal travel, 8. (right pedal reduces teil-rotor
piteh), In. . . ¢ &t vt e e e e e e e e e e

General: '
I, (including mess of tall rotor), slug-ft2 . . . . .
Aerodynamic yawing moment (except where noted) . . . .

o S e e e s e e e e s e e e e e e e e e e

. e 20
.« . 350
.« 30
. 2,000
. . 0.12
. . 39.6
. . 30
. . 565
-5 to 15
.. =8
108,000
.. 8
. 5,000
0

.0:00238
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Tail~-Rotor Pitch Required To Hover

Inasmuch as fuselage yawing moments are assumed equal to zero,

Tt=3_59_.>_<i5_0_=321

20 X 30
Cp, = 321 é = 0.0107
0.00238 X 39.6 x (565)
(Cp/o)e—= 0.089
Inasmuch as p = O,
<_/—=l__—__é> =1.0
1+ (1u/A) .
Thus, from the chart of figure 1(d) for — 9\ = 0.12, at
WL+ (w02,
V—t sin B¢
S "t_9 a (c = 0.08 8 = 12.6°, -
(@R), an (T/U)t 9, 1-%35 12

Tail=Rotor Pitch Required To Turn Over a Spot in a
30-Knot (50.6 ft/sec) Wind

Tail-rotor pltch required for trim at different sideslip angles.-
The first step in determining the tail-rotor pltch required to turn
slowly over a spot in a 30-knot (50.6 f£t/sec) wind is to find the tall-
rotor thrust, which in turn depends on the main-rotor torque. The main-
rotor torque may be found as follows:

V_ _50.6

= 1.6
Vhov 30 )
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By using this value of V/Vhov’ figure 8 of reference 7 ylelds
v/vhov = Pi/Pihov = 0.64. Thus, the induced power required at 30 knots

is Py = 0.64 X 0.8 X 350 = 179. By assuming no change in the hovering
value of profile-drag power, the total power required at 30 knots is

then P = 0.2 X 350 + 179 = 249.
) By repeating the previous procedufe,

249 X 550
20 X 30

Ty = = 228 1b

Cp, = 228 = 0.0076

T 0.09k x (565)°

(gg) _ 0:0076 _ 4 o635
t 0.12 ’

(EI-> = 0.0040k4
2521;' .

() -o
(o) ™"

From figure 3, velues of —t can be obtained for various

L+ (w/N2),

values of B. (Inasmuch as r =0, then B =By and V =Vy.) Then,

by interpolation between the charts of figure 1, etg R cen be obtalned.
B

The computations are presented in table I. Similar computations were
also made for 20-knot and 10-knot winds. The presentation of these

results in graphical form is made in figure 5, in which is plotted the
teil-rotor pltch required by the sample helicopter to hover at various
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sideslip angles in various winds. The vortex region for each curve is
to the left of the flag.

Tail-rotor pitch required to turn at a steady rate.- In order
to obtein information on the damping in yaw of the tall rotor, the
tall-rotor pitch required to maintailn a steady yawing velocity of
0.2 radian/sec, both to the left and to the right, during a turn in
the 20-knot (33.7 ft/sec) wind will be computed subsequently (the
damping in yaw of the main rotor and fuselage will be neglected).

For each sideslip angle B, py and V, are camputed by uslng

equations (B8) and (B9). Then, repeating the procedure for finding
the tall-rotor thrust coefficient as was done for the 30-knot-wind case
in the preceding section, h

(91> = 0.072
o /¢

and

The quantity <—————;————i) is then obtained from figure 3.
o+ (/N y :

By using equation (B10),

V gin - 4T '
(f sin B . B - “T | 5.06 sinp - 0.01

QR /g (AR)y,

Then, by interpolation between the charts of figure 1, the data in
table IT for V = 20 knots, r = 0.2 radian per second, were obtained.
Similar computations, made for r = -0.2 radian per second, are pre-
sented in graphical form (fig. 6) together with the results for the
r = 0 case from figure 5.
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Response to Pedal Deflection While
Hovering in Zeroc Wind

The yaw response per inch of rudder pedal deflection for the sample
helicopter while hovering in zero wind will now be calculated. The sta-
bility derivatives needed for equations (B2) and (B3) will be determined
from the charts of figures 1 and 3 for the two extreme assumptions that
X =0 and AQ = r. By assuming small displacements from trim, the
derivatives will be computed at the trim condition, which is

(—“—) = 0.12, (Cp/o)t = 0.89, (V—%Ii{iﬁ =0, end Og; = 12.6°.
1+ (/N2 t £BR

The control derivative ON/38¢ is calculated by means of equa-
tion (B6) as follows:

o 2 2 A_CM_)
Ser ~ nor ltp(ﬂR )t(QR)-b Ut<A9 X

For ——;'——-> 0.12, taking increments from the (Cp/c)y = 0.06
i+ (/)2 .

V¢ sin
line to the (Cp/c); = 0.10 Lline at Yy s1n By

(aR)y,

= 0 gives

N _ AN _ ) 2 0.1p[0:10 ~ 0.06
00y ABy 50 % 0.09k x (565) X (15.6 - 9.6

= -1.080ib=ft
s deg

The tall-rotor damping derivative is computed by means of equa-
tion (Bll). The first part of the expression is obtained by taking ig.cre-
ments from (CT/c)t = 0.08 to (Cp/o), = 0.10 along the 045 = 12.6
L
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line in figure 1(d). The second part of the expression is zero for the
present hovering-in-zero-wind case. Thus,

@%)t ) (g)t " Lottt S%L%i% ¢ %)t i
t

a;)
(l cos ?) o(Cyp/o), (Vl + (u/N)2 %
vV Js

Ot

g OB
Vl + (9/7\)2 4 _
-108,000|73¢ _0:08 - 0.10
565 0.022 - (-0.023)

2,550 —Lb=Ft
’ radian/sec

Il

Inasmuch as V = 0, then ol = ~§E = 0. B
on oB

For the assumption that—AQ = O, there is a damping contribution
of the main rotor that is computed from equation (BI2) as

(éu) -2 Q. 2X350X550 _ g Ib-ft
Or/m & 20 X 20 radian/sec

By substituting into equation (B5) and taking I, = 7,000 slug-ft2,
the value of ¢ is found to be

_ 2550 - 960 _ _
C——272030—2—— 0-50

Then, from equation (B4},

Zgz = -35(e™9*%% 4 o.50t - 1)

For t =1 second,
n(t = 1)

e -3.7 deg/deg
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Thus, for the assumption that AQ = O, the displacement in yaw per inch
of pedsl travel at t = 1 second 1is

n(t = 1) deg ., 20 deg deg
—— = = X S = . —_—
LDy > 7deg B In. 07 in.

where the -8 inches is the total rudder pedal deflection corresponding to
the total pitch range of 20°.

For the assumption that AQ =r, I, is now equal to 5,000 slug-ft2,
AQV%Bt is unchenged, end (dN/dr), = O. Inasmuch as, at trim,
(V sin B)t = 0, the additional damping in yaw of the tail rotor because

of its variation in speed is (as pointed out in appendix B) equal to
(oN/dr)p computed under the assumption that AQ = O. Thus,

A(?E) = _960___}E:£E__
or /¢ radian/sec

Then, by substituting into equation (B5),

¢ = 72590 - 960 _ -0.70
5000
and, from equation (B4),
Ao 25(e0 O 4 o.70t - 1)
A8y
For t = 1 second,
n(t_=_l_). = ..)4._9 deg/deg
t

or

nt =1) _ 4.9 X E% = 12.3 deg/in.

r

For (V sin B)t = O, the only difference in the exponential equa-
tion for n/ABt resulting from the use of the two different rotor-speed
assumptions arlses from the use of a smaller moment—of-inertia value in
the AQ =r case. If the moment of inertia of the msin rotor is rela-
tively large compared with that of the fuselage, the more conservative
assumption should be used for design purposes. In the present illus-
trative example, inasmuch as the values of yaw displacement computed
for the two different rotor-speed assumptions do not differ very much,
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the averasge value is used. Thus, for the sample helicopter in hovering
et zero wind, the displacement in yaw per inch of pedal travel at
t = 1 second is :

2t =1)_9.3+12.5 10.8 deg/in. pedal
LBy 2

In figure T are shown, for the sample helicopter, time historles
of response to a l-inch step displacement of the rudder pedals while
hovering in zero wind. The curves were obtained from the computed
equations for n/A8+ which were derived on the alternate assumptions

of constant rotor speed and AQ =r. At t = 1 second, the average
value of 1 1is 10.8°, as determined previously.

Response to Pedal Deflection Whille
Hovering in 30-Knot Wind

There will now be computed the tall-rotor pitch required to satisfy
the reguirement of reference 1 that the helicopter, while trimmed at the
most criticael yaw angle during hovering in a 30-knot wind, achieve 3° of
yaw in the first—second following full pedal deflection in the critical
direction.

For the sample helicopter, table I indicates that the critical yaw
angle during hovering in a 30-knot wind is 90° left yaw (right—sideslip)
at which time 15.1° of tail-rotor pitch is required. In order to illus-
trate a less simplified case, it will be assumed, however, that because
of fuselage yawing moments the criticel angle is 60° right sideslip and
there is an aerodynemic yawlng moment to the right of 1,500 pound-feet
acting on the fuselage. Thus, before proceeding with the response-to-
pedal-deflection caeleculations, it 1s first necessary to calculsaste the
pitch angle required to trim at the new critical yaw angle of 60°.

Determinatlion of new trim value of tail-rotor pitch.- By repeating
the procedure used in a previous section for computing the pitch
required for trim while hovering in & 30-knot wind, but taking the
fuselage yewing moment into account, the followlng equations are given:

py = 60°
1500
Ty = 228 + 2252 = 278 1b
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Cp, = 0.0093

(cp/c)y, = 0.0775

(Cp/2B2);, = 0.0049k
(V/@R)t = 0.090
_Y/QL = 1.28
fCr/282 )y
From figure 3,
<___l_> = 0.9%5
2
1+ (/N
Thus,
= 0.1]12

(T omi)

Interpolating between the charts of figure 1 for ——-——£L————> = 0.09
2
v ot \L + (u/A) %
sin
and 0.12, for (—-dﬁ—f)t = 0.0785 and (CT/G)t = 0.0775, gives

8¢ = 15.5°. Thus, the new trim value of tail-rotor pitch is 15.5°

I
instead of 15.1°, which was calculated for the case of zero assumed fuse-
lage yawing moment.

Computation of tell-rotor pitch required to maneuver.- The calcula-
tion of the additional emount of tall-rotor pltch required to achieve
3% of yaw-in the first second following full pedal deflection will be
carried out, as in the previously described calculations of a step-pedal
meneuver in zero wind, under the alternate assumptions of constant rotor
speed and a veriation of rotor speed equal to the yawing velocity.

.
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By assumlng constant rotor speed, the stabllity derivatlives needed
for equations (B2) and (B3) are determined in e msmmer similar to that
carried out for the zero-~wind case as follows:

From equation (B6),

o Y ogoe=£ft
0 ’ deg
From equation (B12),
(gy) _690— To-£t
or/m, radian/sec

From equation (Bll),

)

-108,000 =30 -0.02 + -0.008 0.12 O-QO!L 4 30 X 0_5)
565 0-031  0.03 1/57.3\  50.6

1b-ft

= -3,9
>“radian/sec

Although the aerodynamic fuselage moment is agssumed to remaln unchanged
during the pedal-deflection meneuver, there is a change in the static-
directional stabllity of the tail rotor. This derivative 1s found by
substituting into equetion (Bl4) values Ffor known constants and slopes
obtalned by interpolation between the 0.09 and 0.12 charts of figure 1
and from figure 3.

N _ _ -0.0%0

S0 108,000 X 0.090 cos 60° -
o8 0.060

-0.006

0.12 X 108,000 X 0.00% X 57.3
0-03

3,240 + 590 = 3,830 1b-ft/radian
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For turns over a spot,

N _ _ N . _3 850 1b-ft/radisn

on B

]

Substituting the calculated derivatives into equation (B3) gives

52 M 0

~ 5000 + 2000 -

~ 5000 + 2000

By solving for the complex roots a ¥ bi,

a

-0.33

b = 0.66

Substituting into equation (B2) gives
-0.3%t
ﬁ_ = -16.3E 53 (-0.50 sin 0.66t - cos 0.66t) + l_—l
t

For t = 1 second,

Hizzg—il = -3.4 deg/deg

__>dee _ .88°
3.4 deg/deg

of additionsl tail-rotor piteh would be required to achieve 3° of yaw in
the first second following the pedal displacement.

Thus, under the assumption of constant rotor speed,

Under the assumption that AQ = r, the calculstion would proceed
as follows:

Iz = 5,000

is unchanged

L
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or/y

(éﬂ) is unchanged "~ -
on/ -

The additional damping in yaw due to variations in_tail-rotor speed is
a(CT/O')-,:’

)

obtained from equation (B20). The derivative has already

been obtained for ON/OB. Thus,

INY) _ _z/0.040 3600 & 2 x 278\ _
A(&)t 5.?<o.060 0-01% Z5 + =7 )‘ 1,110

Substituting into equation (B3) glves

2 _ 3900 - 1110 . _ -3830 _

s 5000 5000
a = -0.50
and
b = 0.72

Thus, by substituting into equation (B2),

Aﬂe; = 16.3E'0‘50(-o.7o sin 0.72t - cos O0.72t) + J:’
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For t = 1 second,

e =1) . -4.2 deg/deg
DBy

The additional piltch required would then be de = 0.71°.
k.2 deg/deg

Tall-rotor pitch needed to satisfy requirement of reference 1.-
Taking an average of the answers for the two different assumptions glves

0-88 + OoTl = 0.80

ABt = 5

Thus, in order to achieve the required 3° of yaw in the first second,
0.8° of edditional tall-rotor pitch would be required. The total value
of ©; needed to satisfy the requirement of reference 1 is, therefore,

8+ = 15.5° + 0.8° = 16.3°

DISCUSSION COF ILIUSTRATIVE CALCULATIONS

Some significant characteristics of low-speed tall-rotor directionsal
stability and control can be deduced from the sesmple calculgtions made
herein.

Directional Stability and Damping in Yaw

The curves of figure 5 indicate that, if fuselage directional sta-
bility cheracteristics are neglected and tail-rotor thrust is asssumed to
act toward the right, the typlcal single-rotor helicopter at speeds below
10 knots is directionally stable from approximately 50° left sideslip to
about 90° right sideslip. TFor speeds higher than about 10 knots, the sta-
bility characteristics during sideslip in the direction of tall-rotor
thrust are similar, the directional staebility increasing with speed.

For sideslip in the direction opposite to tall-rotor thrust, however,

a directionel Instabllity appears, as a result of the tail rotor entering
the vortex region. The curves in figure 6 indicate that, although the
damping in yaw at 20 knots 1s normally steble, in the vortex region the
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demping in yaw ls approximately zerc, or even slightly unstable. Simi-~
lar curves for 30 knots indlicate large erratic variations in damping in
yaw, from unstable to stable, in the vortex reglon. Also, although it
is not shown by the curves of figures 5 and 6, reference 8 gives evidence
that the vortex region corresponds to an unsteady-flow condition.

Inssmuch a8 the axial component of velocity through the teil rotor
depends upon the sine of the sideslip angle, the curves of figures 5
and 6 can be used for the entire azimuth range of *¥180°. For example,
at B = 160°, the tail-rotor pitch 1s the same as at B = 20°.

Response to Step Pedal Deflection

The time history of figure 7 is typical of first-order single-

degree~of=freedom systems inasmuch as %ﬂ.: 0. TInitislly, the rate of

|
displacement depends primarily on the inertia, whereas later it depends
primarily on the damping. At all times, the displacement depends upon
the control moment. Thus, by calling for a specific yaw-angle range in
1 second, requirements such as those of reference 1 insure sgelnst lnsuf'-
ficlent or excessive control moment in relation to the ineritis and damping
in yaw. Preliminary study of yaw control in near-hovering flight indi-
cates that the pilot probably expects the yaw displacement to be within
certain limits a short time after a reascnable pedal motlon.

For the sample helicopter in hovering, the yaw response at the end
of the first second was calculated to be 10.8° yaw per inch of pedal
displaecement. Preliminary flying-quality studies indicate that, if the
pedals have large friction and out-of-trim forces, such a response may
be too high. Of course, reduction in pedal friction and incorporation
of & trimming device would help. If, however, the yaw control were
still too sensitive, a possible solution might be the incorporation of
a mixing linkege in the tail-rotor control such that collective piltch
or throttle motion would also produce a tall-rotor pltch change. Then
the pitch change per inch of pedal could be reduced. Another adventage
of such a mixing linkage is that it would reduce the coordination
necessary between pltch lever and pedals during hovering at different
wind speeds. Reducing the sensitivity of the sample helicopter by
increasing pedal travel is not feasible inasmuch a8 the travel 1s
already & typlcal value of 8 inches. '

From the calculation of response to pedel deflection in a 30-knot—
wind, it was found that 16.3° of tail-rotor pitch would be required for
the sample helicopter to meet one of the requirements of reference 1.
This requirement calls for the ability, while trimmed at the most criti-
cal yaw position in a 30-knot wind, to achieve at least 3° of yaw in
the first second following full displacement of the pedals in the
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critical direction. By use of figures 1 and 3, the minimum pitech at
which the tall rotor would start to stall in the range from O to 30 knots

o]
was found to be about 18% . Thus, it appears that the tail rotor of the

sample helicopter could be rigged to give the required pitch without
danger of stalling.

COMPARISON CF THEORY WITH EXPERTIMENTAI, RESULTS

In order to study the adequacy of the charts presented herein, a
comparison of the theory was made with experimental results. In fig-
ure 8 are presented plots of pedal position ageinst sideslip angle
during fairly rapid turns over a spot in a wind of approximately 13 knots
for the single-rotor hellicopter shown in figure 9. This helicopter has
characteristics that are generally similar to the sample helicopter
characteristics used herein. The sideslip angle was obtained by 1nte-
grating measured yswing-velocity records. In figure 8 are also presented
theoretical curves of pedal position against sideslip angle computed
from the charts herein for the helicopter of flgure 9 for the first half
of the turn in each direction. (Only the first half of the turn is
computed because the experimental sideslip angles during the second half
of the turn are inaccurate because of the accumulsgtion of integration
errors.) The assumption that AQ = r was used in calculating the theo-
retical curves, but, for simplicity, the additionel demping in yaw of
the tailil rotor due to changes 1in rotational speed was neglected as were
fuselage yawing moments. The tall-rotor thrust was corrected for
messured yawing accelerations.

During the turn to the left, the messured pedal poslitlion varies
rather smoothly throughout the entire maneuver. However, during the
early part of the turn to the right, large and rapid pedsl displace-
ments are indicated. The resultant veloclty and sideslip angle at the
tail rotor, corrected for yawing velocity, were computed during the
computation of the theoretical curves. Comparison with figure 4 indi-
cated that, during the turn to the left, the teil rotor never entered
the vortex region; whereas during the turn to the right, it did. The
range of slideslip angle for which the tail rotor was wlthin the vortex
region based on figure 4 is indicated in figure 8(b). It can be seen
that the large and rapld pedal motions 211 occurred while the tail rotor
was In the vortex region. The pilot's effort when the tall rotor is
operating in the vortex region is lncreased, probably because, as indi-
cated previously, the flow condltions there are unsteady and the damping
in yaw is low or unstable.

The qualitative correlstion of the theoretically and experimentally
Indicated extent of the vortex region gives some confidence in the
accuracy of the downward inflow limit of the vortex region 1n the



22 . NACA TN 3156

theoretlcal curves herein. As indicated 1n appendix A, this limit was
bagsed on the indication of reference 8 that the vortex region begine
when the axisl camponent of veloclty is approximately 40 percent of the
inflow velocity. :

This region of difficult tail-rotor control that results when the
tall rotor enters the vortex region is similar to that-which is experi-
enced when the main rotor enters the vortex region during partiasl-power
descent at zero or. low forward speeds. Knowledge of the existence of
thlis region of difficult tail-rotor control should be of value to pilots
in that they would not expect to achieve steady conditions in this region
and hence would try to avolid prolonged operation therein'when feasible.

For & particular helicopter, the regions of forward speed and
gldeslip angle in which tail-rotor control difficulty may be experi-
enced can be computed from figure 4. Limited unpublished flight data
indicate the vortex region to be less potent, or perhaps even non-
existent, at the higher forward speeds covered in figure 4. The large
component of veloceity perpendicular to the rotor shaft at the higher
forward speeds may reduce or eliminate the formatidn of thils type of
flow. However, until a more thorough experimental investigation
esteblishes an upper speed limit to the vortex reglon, the entire
vortex region of figure L may well be considered as a region of poten~
tial difficulty.

At O° angle of sideslip, the theoretical curves of figure 8 indicate
gbout 15 percent more right pedsal, or sbout 30 less pitch, than the
experimental curves. Some of this difference is thought to be due to’
the experimental pltch being lower than that indicated by pedal position
because of play and distortion in the taill-rotor control system. At
high values of tall-rotor pitch, a large left pedal force 1s required
along with the left pedal deflection, indicating a large pltch-reducing
tendency in the tail rotor. Also, the effectiveness of the root portion
of the tail-rotor blade is probably reduced somewhat by the exposed
heads of the bolts used to attach the blade to the root fitting. In
addition, calculations indicate the taper of the tall-rotor blades,
which was neglected in the theoretical derivatives herein, to cause the
theory to underestimate somewhat the tail-rotor collective pitch. All
these conditions cause the theory to underestimate the required tall-
rotor pitch. Thus, for design purposes, these factors must be accounted
for, either rationally or empirically.

For the turn_to the left, the shape of the theoretical curve com~
pares well with that of the experimental curve, except for somewhat
hilgher slopes. The difference in slope 1ndicates that the Tuselage is
unstable directionally.
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For the turn to the right, the theoretical curve does not match
the experimental curve as well. This situation is to be expected
because of the unsteady flow conditions in the vortex region.

This comparison between measured end theoretical tall-rotor pitch
during fairly rspld turns over a spot indicates the charts and proce-
dures herein to be useful for computing either the change ln tail-rotor
pltch needed for a glven dynamic maneuver or the motion of the helicopter
due to pedal deflection.

CONCLUDING REMARKS

Theoretically derived charts and equations have been presented by
which talil-rotor deslgn studies of directionsl trim and control response
at low forward speeds (i.e., at tip-speed ratios less than 0.,10) can be
convenlently made. These charts can also be used to determine the main-
rotor stabllity derivetives of the ratio of thrust coefficlent to solidity
with respect to pitch angle and rotor angle of attack at low forward
speeds. ..

Studies made with the charts and confirmed by flight tests indicate
a region of difficulty of tail-rotor control at various combinations of
forward speed and sideslip angle similer to that which has been experi-
enced on main rotors during partiasl-power descent at zero or low forward
speed. It appears desirable to avoid prolonged operation In this region.

The measured variations of taill-rotar pltch during a moderately
repid turn over a spot in a wind can be fairly well predicted
theoretically.

Langley Aeronautical Laboratory;
Nationel Advisory Committee for Aeronautics,
Langley Field, Va., October 27, 1953.
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APPENDIX A
THEORETICAL DEVELOPMENT - STATIC ROTCR CHARACTERISTICS

In this appendix equaticns for the collective piltch of a tall rotor
at low forward speeds are derived in terms of its forward speed, tip
speed., sideslip angle, thrust coefflcient, solidity, and the yawing
velocity of the helicopter. These equations are used to derive charts
from which the teil-rotor directional-stability, dlrectional-control,
and damping-in-yew derivatives can be obtained.

Assumptions

Unlform Inflow.- The inflow through the rotor 1s assumed to be
uniform. The effect of-a radisl _varistion in inflow is discussed later.
Reference 3 indicates no appreciable effect—of fore and eft—inflow
asymmetry on thrust at fixed values of pitch and average inflow.

Isolation of tall rotor.- At some forward speed the tail rotor
enters the downwash field of the maln rotor. The effects of operating
in the mein-rotor downwash fleld are neglected, lnasmuch as the primary
effect 1s a change in the direction of flight-of the tail rotor. The
effect of tall-rotor supporting structures and the proximity of tall
surfaces is also neglected.

Neglect of p2 with respect to unity.- The assumption is now made
that @ 1s less than 0.10 and, therefore, p2 is much less then 0.01.
Thus, neglect of uz with respect to unity ca %ses a maximum error in
each term of about 1 percent. The term (u/k) » however, is not neglil-
glble with respect to unity. -

Assumptions of references 3 end 4.- Inasmuch as the derivatives in
this paper are based on the equatlons of references 3 and 4, the assump-
tions of these references are automatically incorporated herein

Development of Equations
Inagmuch as eéBR = 8g + 0.75B0;, and p2 is assumed to be much less

than 1 Gﬁe << l), equation (6) of reference 4 can be rewritten as follows:

N+ %— G%R (1)
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Equation (7) of reference 4 can be rewritten as follows:

C
jL gin o = A + T (AQ)

" 2|82 Vl + (/N2

Since the last term represents rotor induced velocity, &bsolute
bars have been added to A 1n order to make the expression always
positive. Also, B2 has been added in the denomlnator of the last
term in order to provide consistency witk forward flight analyses,
wherein it is assumed that the rotor is effective only in producing
thrust out to BR.

For the normal working state of a rotor wherein A 1is negative,
equation (A2) can be solved for A as follows:

2

B2 1+ (u/0)2

Substitution of equation (A3) into equation (AL) and solving for
eéBR gives, for negative A,

_3'1‘/v )2 2 Cr o L Cr V sina

3] = Z_i= — g8in o + —_ + —_— - — (Ah.)
éB 2B |2 Q 25 2 2 QR 2

)-I-R R B Vl+(p./')\) aB= 7

In order to put equation (Ah) into a more convenient form for tall

rotors, ezBR wlll be expressed in degrees, and Instead of the angle
)i

of attack a, the sidesllip angle B will be used. For the case of
counterclockwise main-rotor rotation, the tall-rotor thrust is to the
right for the conventionally powered helicopter. Thus, o for the
tail rotor is equal to -B, where g is positive for sideslip to the
right. (In the jet-powered helicopter, the tail-rotor thrust required
to overcome the friection torque will act to the left for counterclockwlse
main-rotor rotation, in which case o = B. The sign convention corre-
sponding to the conventlonally powered helicopter will be followed in
this paper.) Also, a yawlng velocity of the helicopter will cause an
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additional flow through the teil rotor. Thus, the expression % sin o

becomes -V, sin By /(QR)y where Vi and B; are, respectively, the

velocity and sideslip engle at the tall rotor including the effect of
yewlng velocity. Thus, equation (AL) becomes, for negative A,

- 2 -
- 3LV sin B 2 Cg o 4y Cr gC’sinB>
GEBR 57-528 ZK o > + 5 + - 5 = + A\ om .

¢ 5 ° A+ wn? e

(85)

For those conditions where -A 1s positiveyrepeating the steps for
equations (A3) to (A5) gives

R L e
WoR t B L+ (u/n)2 eB R/t
(46)

Validity of Uniform Inflow Assumption

Comparison of equation (AlL) with equation (Al7) of reference 5
indicates that GEBR for a linearly twisted rotor blade in vertical

climb wvhere p =0 and sin o = -1 1is equal to eaBR for an ideally

twisted rotor in vertical climb (at equal values of Cp, o, and V/QR).

From & study of figure 1 of reference 6, it can be seen that, at least

for the specisal case of hovering, a solution for .BEB for a linearly
: R

twisted rotor including radial inflow variations shows that the pitch
angle at %BR is very close to egBR for the ideglly twisted rotor.

3
(In fig. 1 of ref. 6, B = 1.0.) Thus, the assumption made herein of
uniform inflow 1s indicated to give reasonably correct answers for 63 .
EBR
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Blade-Stall ILimits

The theory becomes inaccurate when blade sections start to stall.
In order to give some ldea of the section angles of attack, the section

angle of attack in the hovering or vertical-flight condition at %BR

is computed. This radius was chosen because it is reassonably representa-
tive and because 1t is easily computed. The computation 1s as follows:
From equation (27) of reference 4,

G%BR = G%BR + é; = GEBR + <§B - E#)el + é; (A7)
Substituting for A from equation (Al) gives
a. =—§—91-<213-33>el . (48)
%BR e © in 3
For o and 67 in degrees, setting a = 5.75 and B = 0.97,
GQBR = 65.7%} - 0.080, (49)

3

Vortex Region

In reference 8 it was reported that, for the test helicopter of the
reference, unsteady conditions were experienced at vertical rates of
descent above about 500 ft/min. The inflow velocity (i.e., resultant
velocity through rotor disk) at this rate of descent 1s computed to be
epproximately 1,200 ft/min. Thus, it is assumed that the momentum theory
used in the rotor theory of references 3 and L is good until the axial
component of free-stream velocity upward with respect to the rotor equals
500/1200 which is approximately equal to LO percent of the inflow

velocity.

Reference 9, page 127, indi¢ates that, when the upward free-stream
veloclity exceeds a certain value, the alr flow near the blade tips takes
on the shape of. a vortex ring instead of existing in the form of a simple
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slipstream; thus the unsteady flow condltions mentioned previously are
sccounted for. This unsteady flow region, in which the momentum theory
is inapplicable, is referred to as the vortex region. In reference 9,
page 131, the momentum theory used in the rotor theory of references 3
and 4 is indlcated to become good sgain when the axial component of
flight velocity upward through the rotor is equal to twice the inflow
velocity. ' . '

Inssmuch ag the momentum theory used in references 3 and k (and,
hence, in this paper) is not-vaelid in the vortex region, an empirical
procedure is used to obtain solutions of tail-rotor collective pltch
in this reglion. This procedure is based on the use of empirical curves
relating vertical flight speed to induced velocity in the vortex region
end is outlined as follows: Dividing the three terms in equation (A2)
by

Cp
\Lﬁvl + (u/N)B

and using the angle B4 instead of the angle « glves, for negative A,

[ ©Cr
V sin B/OR _ A N VEBQVl + (1/2)2 (A10)
/ Cr Cp A
VZBEVl + (/NP . 282|1 + (u/7\)2 & %
and, for positive A,
[ Cr
V sin p/OR _ A ) st2\/l + (u/2)2 (A1)

/ Cr [ G A
V;E\/l + (/NP 5 2B2y1 + (u/N)? A &
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For vertical climb or descent (p = O; sin Bt = #1), equations (AlO)
and (All) correspond to the computed portions of figure 8 (ch. 6) of
reference 9 where the momentum theory is applicable. For forward flight
(0 > 0; 8in By = #1), the same curves apply if the axial component of
velocity is used and both coordinate parameters are modified with the

TAREES (u/?x)2 term. It will, therefore, be assumed that the empirical
portion of the curve of figure 8 (ch. 6) of reference 9 would also be

applicsble to forward f£light 1f the J1 + (u/A)2 term is included in
the coordinate parameters and the axial component of velocity 1s used.
However, the more extensive deta of reference 10, modified somewhat in
accordance with flight experience such as that reported in reference 8,
are used instesad.

In figure 2 is plotted the relation between

A and V sin B/QR
[ or [ Cr
VZBQVl + (w/N)B . V282V§ r (/N2 N

The regions where the momentum concept is applicable were obtalned from
equations (A10) and (All). The vortex region which, as discussed pre-

viously, is between y Siﬁ\ Qﬁ) = =0.4 and -2, is shown dashed, and is
t

based on figure 12 of reference 10, modified somewhat in accordsnce with
flight experience such as that reported in reference 8. By using equa-
tion (Al) and the empirical region of figure 2, values of © can be

3BR

computed for the vortex region for given values of (V sin B/0R)t, (C1/o)¢,

and [—Z——\.
(Vl + (u/7\)2>t

With the aid of equation (A3), the limits of the vortex region can
be expressed in terms of these parameters, for downward inflow, as

Vein B\ - o.ou(y%L)/—s9
( aR )t ° ZL’(VEUF)t(m)t (wa2)
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and, for upward inflow, as
C
(l;;ﬂ) = -l.h6(@) _._;‘___._> (A13)
¢ RV VN A

Determination of V1 + (u/?\)2

The pitch angle © R has thus far been determined as a function

of three parameters, CT/G, Y_%é&_ﬁ, end ——2—— . All of these

2
i+ (u/A
quantities can normally be essily obtained except J1 + (u/A)°. The

procedure for obtaining y1 + (u/A)2 1is now discussed.

The quantity p/% can be obtained by rewriting equation (A2) as
follows: :

(A1k)

= tan o -~

L g

1 _
SYZQBlEE coszalk/ulvg—;—za7;3§

Cp/2B2

For negative values of- A, using the relstion B¢ = -a, equa-
tion (Alk4) can be solved to give the following equation:

&) : )

_ten B _ [tanp 1
E?f/macoszs m]
t

2 )3
/2B

For positive values of A, solution oﬁ;equation (Alk) gives
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B\ _ 1
(7\>t _tanp , [tan2s _ 1 (a26)

2 4 (V/9R)2cos2p m

Crp/2B2 %

Equations (Al5) and (A16) can be used to solve for |1 + (p/7\)2
by iteration when fixed wvalues of —Y@ and B are glven.
\Cr/282

For the vortex region where the momentum theory 1s inepplicable,
the following emplrical procedure 1s used:

V sin «/OR
/ Cr

V cos a/QR _ V?_Be\/{ + (},1/7\)2

A

o4
A
A

[ CT

V282 L+ (u/A)2

tan o

Then, inasmuch ag Bt = -a,

’—— V sin 8/0R
Cp

|
V?_B2 L+ (u/A)2

HYy - (a17)
7\)1: A x tan B
[ Cr

VEBaVl + (/N
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By using figure 2, equation (Al7) can be solved for V1 + (p./?\)2
in the vortex region by iteration when fixed values of V/AR )
\]CT/2B2 "
and By are given. ' = '

The 1limits of the vortex region for these parameters can be com-
puted to be, for downward inflow,

< V/OR _ 0.3k ) (A18)
for/282/ <{L/1 + (0.403/tan B)esiﬁ--ﬁ &

and, for upward inflow,

< V/QR _ ( 2 > (A19)
Ver/282/y l\*/l + (2/ten B)%sin B/,
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APPENDIX B
THEORETICAL DEVELOPMENT - RESPONSE TO PEDAL DEFLECTION

The equagtion for the yaw of the helicopter following a step dis-
placement of the pedals, together with formulas for the stability
derivatives required by the solution, are derived in this sppendix.

Equation of Motion

By assumlng a one-degree-of-freedom system, the equation of motion
of & helicopter in yaw is

¥®n v N ON
Ty —t = —— ] = — = =
Z 32 or 7 5 An - Moy (B1)

The equatlion of motion is solved by means of the Laplace transforms-
tion for a step deflection of A8+ and g%(o) = An(0) = 0. Using the
0
procedure and tables of reference 11 and converting n +to degrees gives

Eat(% gin bt - cos bt) + 1 g%— My X 5T7.3
t

t) = 2 (B2)
n (22 + v2)I,

where a * bl are the roots of the characteristic equation

52 . dn/dr . - aN/om _ o (83)
Iz Ly
For the special case of %E = 0, equation (B2) becomes
i
oN
A g, x 57.3
_eft - ot - 1 99y ©
n = (B)
el I,

where

c = §§[§£ (B5)

Lz
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Stability Derlvatives

During a yawlng maneuver, the rotor speed would vary some as a result
of the chenge in rotor torque. In order to simplify the situation to a
one-degree-of-freedom system, two extreme cases are studied. In the
first case, the rotor speed is assumed to remain constent; whereas, in
the second case, the rotor speed is assumed to vary enough that it
remains constant with respect to earth axes - that is, M = r. In the
first case, the main rotor contributes inertia and damping in yaw. In
the second case, the resulting change in tail-rotor speed varies the
demping in yaw of the tall rotor.

Assumption of constant rotor;;peed - The equation for the
3N/t derivative is

& -1tp(nR2)t(ﬂR)t20t<ACT/ ) (B6)
a8 /g

Changes in tail-rotor thrust due to yawing velocity are, in general, due

in B . g
to the resultant changes in (?—E———— and in /————\ . Thus,
QR t <]’l + (l-’-/7\)2)t
the equation for the (ON/dr) derivative is
Veinp - Ir
d(Cm/c B( )
<§u> = pEyZ:tRz(QR)‘e]t (T/ )t' iR I
dr/t B(V sin 8 - 1r\ or
aR /t
S —3 B
o(Cp/a)y <V1 +"(u/7\)2>t 9By, (57)

3 _c_~> 3By, or
<Vl + (/A%
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The forward velocity V and the sideslip angle B at the tail
rotor are different from the corresponding values at the helicopter
center of gravity if a yawing velocity r 1s present.

From a study of figure 10, Bt can be expressed in terms of B
and r; and Vi can be expressed in terms of V, B, and By as
follows:

ri
Bt = tan~l{tan p - —E—> (B8)
V cos B
Vy = VcosB (B9)
cos Bt

Also, the axial component of velocity cen be expressed in terms of V,
B, and r as

Vt sin By = V sin B - IgT (B10)

By using equations (B8), (B9), and (B10), and carrying out the
indicated differentiations, equation (B7) becomes

@), - A S ().

(V sin B

—

f et
(? cos §> a(CT/G)t 5 (Vl + (p/A) )t
V. /s a<___cr___> ¢ 3,
VL + (u/7\)2 & a

(B11)
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If consgtant torque coefficient is sssumed, the (BN/Br)m derivative
becomes : :

(%lg)m = R " -2CquRCp(aR)ZR

=-= : (B12)

The t8ll rotor comtributes to the directional-stability deriva-
tive BN/BB while the helicopter is hovering in a wind. The contribu-
tion can be computed as follows (Bt is assumed equal to $ dinasmuch as
the effect of a yawing velocity is accounted for in the derivative (BN/Br)a

BE sin B - Lc}] a<__.cz__>

AN _ ON (OR)¢ . ON VE + (B/N)2 %

B 3|V sin B - th} o ' /9o OB+
[resss (o),

(B13)

Using equation (B10) end carrying out the indicated differentiation gives

04,0 _____l;____{)

oN _ V cos B <;l + (“/%)2 t

3B <? sin g) (aR) By,
<Vl F(u/7\)2>

which may be expressed in terms of the thrust-coefficient-—solidity ratio
as follows:

oB 5V sin g (aR),
aR

e ) 2
(CT/U)t (Ut)zp(ﬂRE)t(QR)tzzt 1 +-(g/A) +

3f—9 B]st
(Vl + (»1/7\)2)C

.§E _ a(CT/U tO'tp(ﬁR )'t(QR)t tﬁcos jl )

(B14)
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Assumption of Al = r.- The additional demping in yaw of the tail

rotor due to a varlation 1n tip speed is computed as follows:

or t E Br)t

Tnasmich as T = CTtp(ﬂRe)t(QR)ta,

an\ o(Cr/o)y , o 2 2Ty, 9%
A(S?—t‘_)t = —ZtETp(‘I{R )-t(ﬂR)t O'.t + Et— -a‘r—'

but, inasmuch as AQ = r, then

Also,

aQ’ sin B
A (ocgp/o)¢ _ o(Cp/a)y OR 5 09

or 3 sin B aﬂt or
R i

Carrylng out the differentistion,

T/cr> _ o(cp/a)y (__;Vsinﬁ) o0y
t 8 @Ry

or V sin B or
QR t

(B15)

(B16)

(B17)

(B18)

(B19)
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Substituting equations (B17) and (B19) into equation (B16) glves

2 2
A(ém> = —1.|. 8(Cr/o)y (v singp 7P (xR=) (WR)y + 2 mq, (B20)
dr/y a(‘f_SE_E\ﬂR f @ .0
19134 + -

At trim in unyawed flight, (V sin B)t = 0, and equation (B20) becomes
aN) 2 2Q

A(—— = =l4 £, = =« £ B21

I t § Tt (B21)

vhich is identical to equation (Bl2). It is thus seen that, when

(V sin B)t = 0, the damping-in-yaw contribution of the main rotor com-

puted with the assumption of constant rotor speed i1s equal to the addi-
tional demping-in-yew contribution of the tall rotor computed with the

agsumption that AQ = r.
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TABLE I.- TAII-ROTOR PITCH REQUIRED FOR TRIM AT DIFFERENT

SIDESLIP ANGLES IN A 30-KNOT WIND

GRS

o

1.k <92) = 0.0635; oy = 0.12
t

By, deg ot ( V) sin B¢ 0 deg
2 QR J
(&5 +-(u/7\)2>t i EBR

0 0.050 0 7.8
10 .062 .016 9.0
20 .OTh .031 10.2
30 .086 045 11.4
40 .096 .058 12.4
50 .105 .069 13.3
60 112 .078 4.0
70 L117 .085 .7
8o .120 .089 15.1
90 .120 .090 15.1
-10 037 -.016 6.9
-20 .O43 -.031 7.2
~-30 .052 -.0k5 7.5
=40 .062 -.058 8.0
-50 075 -.069 8.1
-60 .090 -.078 8.4
-T0 .104 -.085 8.4
-80 116 -.089 3.0
-390 .120 -.090 9.4




TABIE II.- TATI~ROTOR PITCH REQUIRED TO TURN TO RIGHT OVER A SPOT IN

A 20-KNOT WIND AT 0.2 RADIAN PER SECOND

(l) = 0.06; __V/9R = 0.88; (9;1‘_) = 0.072; oy = 0.12; Iy 0.178
t

b [0 | B | ™ | | = | () e (), e
8 °8 /282 | {1 + (P/ME ¢ deg
0 0.138 0 -10.1 | 3.3} 0.89 0.077 0 -0.011 9.0
10| .181 .18 -3 [ 32.2 87 .081 .010 -.001 9.5
20| .190 .36 9.9 | 31.8 .83 .087 .020 .009 10.2
30| .205 .58 20.5 | 31.2 .82 .094 .030 .019 10.9
ho| .233 B | 31.2 | 30.2 .78 .102 .038 027 11.4
50 .277 | 1.19 | k2.3 | 29.3 . T6 .108 046 .035 11.9
60| .356 | 1.73 | 53.9 | 28.6| .7k .113 .052 041 12.6
70| 520 | 2.75 | 65.9 | 28.2 T3 .116 .056 No%) 13.0
8o}l1.025 | 5.671 | 77.9 | 27.8 .72 119 .059 048 13.1
90 | mmmmm | o 90 27.8 .72 120 .060 Q49 13.1

-0 .181 | -.18 {-19.6 | 35.3 .92 .068 -.010 -.021 8.5

-20 | .190 ~.36 | -29.0 | 36.3 .9k .076 -.020 -.031 8.8

-30| .205 | -.58 [-38.0 | 37.2 97 .080 -.030 -, 01 9.1

ko | .2353 | -.8% |-%7.1 | 37.9 .99 .088 -.038 -.049 9.3

-50 | .277 |-1.19 | -55.7 | 38.5| 1.00 .08 -.0h6 -.057 9.h

60| .36 |[-1.73 |[-64.k | 39.0| 1l.02 .107 ~.052 -.063 9.6

~70| .520 |[-2.75 |~73.0 | 39.2] 1.02 114 -.056 -.060 9.9

-80[1.025 [-5.67 |~81L.5 |39.7]| 1.03 .118 -.059 -.070 10.0

=90 | mammmem | e ~00 39.7| 1.03 .120 -.060 -.071 10.0
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Tail-rotor pitch angle at flisn radlus, 9
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Figure 10.- Sketch showing geometry for converting from V, B, end r
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